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Abstract
Polymer fiber mats may often be very thin which leads to complications in measuring thickness. The
thickness of fiber mats, however, is crucial in understanding their behavior. Thickness affects how well
the mat works as a filter as well as the pressure drop across the mat, and herein lies the need for accurate
measurement techniques. Currently two of the available techniques for measuring mat thickness are by
laser interferometry1 and by buoyancy force when submerged in water2. Instead of measuring the
buoyancy force in this experiment, an enclosure intended to measure the thickness via water
displacement was fabricated. A glass slide that has had a fiber mat spun onto it is placed into a dish with
the fiber mat facing down, and the water displacement is recorded. The goal of this project is to identify
and quantify the difference – or lack thereof – between laser interferometry and water displacement
measurement techniques. Polyvinylidene difluoride (PVDF) was chosen for its high hydrophobicity, and
fiber mats of varying basis weights were produced via electrospinning. Then the thicknesses were to be
obtained with both methods of measurement. Repeat tests were to be run to observe variance within and
between the groupings. The expected result of this experiment is that the difference between the two
measurement techniques will be statistically insignificant. Unfortunately, due to circumstances
surrounding Covid-19, the tests were not possible to be run.
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Executive Summary
Statement of the Problem
Electrospun polymer fiber mats have a variety of uses. The effectiveness of these mats is directly related
to the thickness, but due to the thicknesses on the microscale, measurement becomes difficult. Fiber
mats are highly compressible, so typical contact methods are ineffective and unrepeatable, and a
creative approach must be taken1.
Currently there are a few methods to measure fiber mat thickness. Two of these methods,
discussed in this report, are using a laser interferometry gauge developed by Zhou, et al.1 and using
water displacement to determine the effective mat volume which is an adaptation of the method
described by Samaha, et al.2 The goal of this project was to research both methods to decide if they
show any significant difference.

Statements of Quantitative Results
Due to Covid-19, this project could not be seen to completion. The tests were not able to be run, but
everything is in a position to be completed once the situation surrounding the pandemic clears.
If results were obtained, there would have been two sets of data. These data would have shown
thickness readings obtained by each measurement technique for the group of fiber mats shown in Table
1. Then an analysis of variance (ANOVA) test could be run to determine if there exists a statistically
significant difference between both techniques. Another test discussed was to assess the repeatability
of the submersion technique. This would have been done by repeating the measurements and running
another ANOVA test on those results.
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Conclusions
Since Covid-19 prevented the data collection, no definite conclusions could be made regarding the
difference between both measurement techniques. If circumstances were different, and the data were
able to be collected, the results would hopefully have shown that there is no statistically significant
difference between each technique, and that the water displacement technique is repeatable.

Broader Implications
Hopefully the results show that both measurement techniques have no significant difference once this
project can be completed. If this is the case, then both methods may be interchangeable, and data
obtained with either method may be compared to data obtained with the other. Researchers will have
more confidence in their results, and progress may be made towards a better understanding of how
thickness affects the properties of fiber mats.
The results of this project will also be important for tailoring the method for measuring mat
thickness to suit the behavior of the polymer. For instance, water displacement works well for
hydrophobic mats, but wetting will likely occur if the fiber mat is made of a hydrophilic polymer, which
makes the water displacement technique impossible2. Furthermore, if the mat is exceptionally
compressible, the use of the interferometry gauge may be futile if the inertia of the stylus and/or the
mass of the disc deform the mat. The ability to select the right tool to suit the task at hand allows
researchers some flexibility.
This Honors Project was a valuable experience for me. I believe that it helped me to improve in
areas that will help me succeed professionally. I had the opportunity to practice soft skills such as
communication and independence, and I refined some technical skills like experimental design. I also
believe that this project helped me to learn how to distill information from scholarly articles and apply
what information I have gathered to my own work. This will certainly be beneficial in my career as a
6

chemical engineer if I end up in a research and design position or if I need to conduct research for
process design.

Recommendations for Future Work
The first recommendation off course is to finish the project. Everything is set up to run the trials, it is just
a matter of finding the person to conduct them. After that it is important to do more research into other
methods of characterizing fiber mats and compare them to the two methods discussed here.
As for recommendations to students who participate in similar projects, my recommendation is
to always keep the end goal in mind since it can be very easy to lose sight of why the research is being
conducted. Also, it is not often that we get the chance as undergrads to work directly with professors
and graduate students, so I strongly recommend that students take advantage of this opportunity to
work on soft skills before graduation because there is no safety net once you are out of school. Lastly, I
believe that this Honors Project was a good opportunity for me to find out if I wanted to continue on in
academia. Ultimately, I do not see myself in a research position, but someone else may find out that
they enjoy research.
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Introduction
The thickness of a polymer fiber mat has a direct impact on its properties such as pressure drop and
permeability, but due to the microscale fiber diameters and fiber spacing as well as the high porosity of
these fiber mats, typical thickness measurements that rely on contact will often compress the fiber mat
and lead to inaccurate results1.
Fiber mat compression necessitates creative methods for measuring thickness. Research has been
done to develop ways to take these measurements while having as little effect on the fiber mat as
possible. Zhou, et al. created a gauge that uses laser interferometry to measure the distance traveled by
the laser to the reference surface below. A small aluminum or brass disc (1 cm in diameter) is placed on
the fiber mat. Unlike calipers which localize the compression, the pressure of the disc is spread across its
surface thus alleviating some of the pitfalls of contact measurement. An attachment with a stylus and the
end of the laser interferometer is moved toward the disc with a controller. The moment the stylus touches
the disc, a circuit is closed, and the motor shuts off. A computer hooked up to the interferometer tells the
user what the distance is. The interferometer measurement must first be tared to a blank slide before a
slide with a fiber mat can be measured1. More discussion on the laser interferometry gauge can be found
in the Laser Interferometry section.
Samaha, et al. discuss another technique which takes advantage of hydrophobicity to determine
the amount of gas trapped in the pores of the fiber mat. The glass slide with the mat sample is submerged
in a dish of water resting on a scale (mat side facing down), and the buoyancy force is used to determine
the volume of water displaced, which happens to be the same as the total volume of the fiber mat and its
pores. Thickness can then be calculated by dividing the volume by the area of the mat2.
An adaptation of the buoyancy force technique discussed by Samaha, et al. was devised under
the same principle of water displacement. However, rather than measuring the buoyancy force, a lid was
fabricated to place on a Petri dish to create a repeatable volume by overflowing the dish with water and
removing the overflowing water through a port in the lid. This device allows the user to measure the mass
of water displaced by the fiber mat sample, and then – just like with the buoyancy force technique – the
thickness can be determined by dividing the volume by the area.
Other methods to measure thickness have been investigated, but they often lead to inconsistent
and/or unrepeatable results. Factors that may cause inconsistency or unrepeatability include but are not
limited to stray fibers that are outside of the effective thickness (i.e. fibers that exist outside of the bulk
of the mat) and the aforementioned compressibility of fiber mats1.
It is crucial to consider the polymer-water interaction when performing any thickness
measurements requiring forced submersion. The measurement is dependent on gas remaining trapped
in the mat to displace the appropriate amount of water. Once the fiber mat sample transitions to a wetted
state, gas is expelled from the pores in the mat, and the measurements will not reflect the effective
volume of the mat (Figure 1 demonstrates this concept)2, 3. Because of this phenomenon, hydrophobicity
is very important and is why polyvinylidene difluoride (PVDF) was selected due to its strong
hydrophobicity.

3

(Lee & Kim, 2009)
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Figure 1, Simple comparison of porous fiber mat cross section in the non-wetted state (a) vs. wetted state (b). When the fiber mat
transitions to a wetted state, the air that was once in the pores is expelled. This transition is irreversible. The wetting transition is
dependent on factors such as pressure, contact angle, surface tension, gas area fraction, and pore size.

The wetting state of the fiber mat depends on pressure, contact angle, surface tension, gas area
fraction, and maximum pore size. There are equations for post-type and grated surfaces, and due to their
predictable surfaces, the gas area fraction can be estimated, and the critical pressure, PC, before the
wetting transition can be calculated with Equations 1 and 2 respectively3. However, due to the random
fiber orientation of electrospun fiber mats, gas area fraction is not readily determined2, and no equations
could be found to estimate PC, so the formula for post-type surfaces was used as a worst case scenario,
and in place of the post spacing the pore diameter was used.
𝑃𝑙 ≤ 𝑃𝐶 = 𝑃𝑎 −

2𝛾 cos 𝜃 √𝜋(1 − 𝜑𝑔 )
𝜑𝑔 𝐿

(1)

2𝛾 cos 𝜃
𝜑𝑔 𝐿

(2)

𝑃𝑙 ≤ 𝑃𝐶 = 𝑃𝑎 −

In the above equations Pl is the pressure of the liquid at the liquid-air interface on the surface of
the mat. PC is the critical pressure that the liquid must remain under to prevent wetting. Pa is the pressure
of the air contained in the void (assume ambient pressure), γ is the surface tension of water
(approximately 73 mN/m 4), θ is the contact angle of water on PVDF (approximately 120° 5), Фg is the gas
area fraction, and L is the post spacing for Equation 1 and the grate spacing for Equation 2 (see fig parts
(a) and (b)).

4
5

(Surface Tension of Water, n.d.)
(Moradi, Karimi-Sabet, Shariaty-Niassar, & Koochaki, 2015)
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Figure 2, Grated surface (a) vs. post-type surface (b). For the grated surface liquid sits along the grates. For the post-type surface
liquid sits on top of the posts3. Neither surface is a perfect substitute for representing an electrospun fiber mat, however, the posttype surface is more suitable since it eliminates the indefinite length of the channels in the grated surface.

In order to verify that wetting is not likely to occur when the sample is submerged, the post-type
surface equation (Equation 1) was used as a worst-case scenario. Neither is perfectly suited to represent
the porous nature an electrospun fiber mat surface, but due to the lack of equations to represent a
randomly spun surface, the equation representing a post-type surface was chosen since the surface does
not have the indefinitely long channels that the grated surface is characterized by. Since Фg is difficult to
estimate for electrospun fiber mats, a range of values was used in to show that for values of Фg ranging
from 0 to 1 there should be no instance where the column of water above the sample (about 1 cm) will
put enough pressure on the sample to initiate a wetting transition. The red dashed line in Figure 3
represents the pressure that the sample will be subjected to under 1 cm of water. If a wetting transition
were to occur, the curve corresponding to the maximum pore size would cross over the Psample line at the
gas area fraction the transition occurs at.
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Figure 3, Critical pressure before wetting transition at various maximum pore sizes. The figure demonstrates that the sample
submerged in about 1 cm of water will not be under enough pressure to transition to a wetted state. Gas area fractions were
varied up to 1. The human eye cannot see smaller than about 50 µm 6, so 50 µm was included to demonstrate that even pore sizes
that large are safe from wetting. In reality, the pores on the fiber mat samples were not visible to the naked, so it is safe to assume
they are smaller.

Fiber mats were spun at different durations of time in order Table 1, Basis weights in grams per square
to produce samples at varying basis weights which may be seen in meter (gsm) for fiber mat samples
Table 1. A variety of basis weights was desired to show if there are Date spun Slide number Basis wt. (gsm)
1
16.26
any unwanted trends between basis weight and difference between 10/11/2019
10/11/2019
2
11.02
the two measurement techniques.
10/11/2019
10/11/2019
10/11/2019
10/11/2019
10/18/2019
10/18/2019
10/18/2019
10/18/2019
10/18/2019
10/25/2019
10/25/2019
10/25/2019

3
4
5
6
1
2
3
4
5
11
12
13

13.3
3.232
12.03
17.01
8.16
10.54
17.01
16.85
17.85
23.42
27.34
29.67

The experiments were not able to be completed due to
circumstances surrounding Covid-19, but the plan was to first
measure the sample thicknesses with the interferometry thickness
gauge. It is not known yet if the submersion method is repeatable,
but the results with the interferometry gauge are repeatable1 which
is why it was to be used first to prevent any potential permanent
damage to the samples. Once enough data was obtained, an ANOVA
(analysis of variance) statistical test would be run to determine if the
difference between groupings was statistically significant. The
hypothesized result is that there is no statistically significant difference between the two measurement
techniques, and hopefully another student can pick up where this report left off and complete the
experiment.
Since it is unknown if the submersion technique is repeatable, the samples should be allowed to
dry and be tested via submersion more than once. This procedure should be repeated enough to produce
a set of data that can be used to run another ANOVA test to see if submersion is a repeatable technique.
The hypothesized result here is that the procedure is repeatable as long as the sample does not get
6

(Nilfisk, 2020)
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removed from the slide. There is the potential that despite the calculations in Figure 3, the samples will
become wetted. If they do then there may be swelling of the sample which could permanently damage
the sample and prevent it from being tested with the interferometry gauge as well. A few quick tests
showed that samples may remain on the slide, but hopefully the procedure described here can show that
samples stay on the slide and the test is repeatable.
Each technique has its benefits and limitations (discussed in more depth in the Discussion section
of this report). Depending on the situation one may be more suited than the other. The goal was to
determine whether these two techniques – laser interferometry and water displacement – are equally
capable and compatible. In the even that both techniques are, researchers will be able to more confidently
report their measurements obtained via either method.

Experimental Methods and Procedures
Electrospinning
The fiber mats used were produced via electrospinning where a jet of a polymer solution is charged and
expelled from a syringe tip to a grounded collection surface (rotating drum). The solvent evaporates
leaving a fiber of polymer behind. These fibers randomly collect on the surface to form a mat7.
PVDF was selected as the polymer to use for its strong hydrophobicity. Lolla, et al. have done
research into optimizing the electrospinning parameters, and their results were used for guidance. The
syringe was filled with a solution of 10 wt% PVDF in 50:50 solvent of acetone and N,N dimethylformamide.
The applied voltage to the system was 27 kV, the syringe tip to collector distance was approximately 16 –
18 cm, the drum rotation speed was 100 rpm, and the flowrate from the syringe was 5 mL/h 7.
Prior to starting the electrospinning apparatus, glass slides were massed and affixed to the
collection surface with tape. Then electrospinning began, and slides were pulled at various times to obtain
the variety of basis weights shown in Table 1. The slides were pulled by running a razor blade along the
edge of the slide – cleanly slicing the fiber mat sample to fit the slide. The slides that the sample

Laser Interferometry
Zhou, et al. detailed the construction and procedure on how to operate the interferometry thickness
gauge in “A customized instrument with laser interferometry for measuring electrospun mat thickness.”
The procedure can be summarized in two parts:
1. After powering on the gauge and starting the computer software, a blank glass slide with no fiber
mat sample is placed on the stage. A medium sized mass disc is placed on the slide, and the stylus
is brought towards the disc. Once the stylus comes into contact with the disc, the circuit is closed,
and the controller shuts off the motor. Using the software, the distance is tared. The reading here
is the reference point for the mat measurement.
2. Move the stylus back up and remove the glass slide. Place a slide with a fiber mat sample on the
stage, and place the mass disc on the sample. Move the stylus down again until it stops. Record
the distance that the software gives. The reading here is the thickness of the fiber mat sample.
Repeat as necessary1.

7

(Lolla, et al., 2016)
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Water Displacement
The water displacement thickness measurement technique uses the setup shown in Figure 4. The
procedure can be broken up into three parts:
1. The Petri dish is filled with water. The lid is placed on, and water is allowed to overflow. The dish
and lid are transferred to the lab balance, and the slide with the fiber mat sample is placed on top
of the lid (see Figure 4 Part (a)). The mass of the system (dish, water, lid, and sample) is recorded.
2. The dish is removed. The lid and sample are set aside, and the dish is refilled with water. Then the
glass slide with the fiber mat sample is placed in the water very carefully with the fiber mat facing
down and is set in the bottom of the dish. The lid is place back on the dish, and water is allowed
to overflow (see Figure 4 Part (b)). The system is transferred to the lab balance, and the mass of
the system is recorded. The difference between the value in Step 1 and Step 2 is the mass of water
displaced by the glass slide and fiber mat sample on the slide. Repeat as necessary to collect data
for the repeatability analysis.
3. Note that at this point the sample will essentially be destroyed, so make sure that Steps 1 and 2
have been done correctly. The fiber mat sample is now removed from the glass slide. Repeat the
process for Step 2 again, but this time do so with just the glass slide. Record the mass. The
difference between the value in Step 2 and Step 3 is the mass of water displaced by just the fiber
mat sample.
The value from Step 3 can now be used to determine the volume of water displaced, which is
equivalent to the effective volume of the fiber mat sample. Then the thickness of the sample can be
determined by dividing the volume by the area of the sample.
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Figure 4, Part (a) and part (b). (a) shows what the water displacement apparatus should look like to zero the scale. Note that the
sample is on top of the lid so that its mass is also accounted for so that when the user proceeds to (b) the difference in mass is
only the mass of water displaced. The slide without sample must also be run to find the amount of water that is displaced from
the slide, and then the amount displaced from the slide is subtracted from the amount displaced by the slide and sample to
determine the amount of water displaced by the sample alone. Also note that the lid does not come into contact with the sample
when it is on the dish in (b)

Procedures
As mentioned before, the interferometry measurements should be taken before the water submersion
measurements in case submersion permanently damages the sample (e.g. the sample becomes removed
from the slide, the sample swells due to unforeseen wetting, etc.). This precaution means that the tests
cannot be randomly switched between interferometry and submersion to eliminate any unseen effects
that could be caused by time, so the tests must be run quickly (within reason) to keep the distribution as
tight as possible. However, the testing order should be randomized within each measuring technique. The
intention was to first run a series of tests on the range of samples using the interferometry gauge using
the procedure described in the Laser Interferometry section of this report. If the experiments were
possible to complete, there would have been three interferometer readings per fiber mat sample.
After collecting the data with the interferometry gauge, the submersion technique would be run.
Each sample would have been tested one time before running repeatability tests. Each sample would have
been left out to dry, and then two more runs of each sample should be run for the repeatability data,
making sure to let the samples dry between each test.
14

Results
The experiments may be broken up into three groupings. Group A is the data from the interferometry
gauge; Group B is the data from the first series of submersion tests; and Group C is the data from the first,
second, and third series of submersion tests.
The first analysis should be on the repeatability Table 2, Sample of data collection table for the
of the submersion technique. The analysis will be done repeatability analysis of the submersion technique.
Thickness determined by submersion
by organizing the data by which series of submersion
Basis
wt.
(gsm)
Series 1
Series 2
Series 3
tests they belong to and the samples’ basis weights. A
16.26
sample table is shown in Table 2. An ANOVA test will
11.02
then be run to assess the variance between series. The
13.3
hypothesized result is that there will not be any
3.232
Data not collected due to Covid-19
statistically significant difference between the data
12.03
17.01
which would mean that the submersion technique for
8.16
measuring fiber mat thickness is repeatable.
10.54

In the event that the submersion technique is
17.01
16.85
repeatable, all three series of data may be used to
17.85
compare both techniques (a sample data table is
23.42
shown in Table 3). This situation is desirable since it
27.34
provides more data to give better ANOVA test results.
29.67
However, if the submersion technique is found to be
unrepeatable then only the first series will be used to compare both techniques (a sample data table is
shown in Table 4). Then an ANOVA test will be run on either Table 3 or Table 4 (whichever one is selected).
The hypothesized result is that the measurements from the interferometry gauge will not be statistically
than the measurements from the submersion technique.
Table 3, Sample data collection table for comparison of the submersion and interferometry thickness measuring techniques if the
submersion technique is found to be repeatable.

Thickness determined by interferometry Thickness determined by submersion
Basis wt. (gsm)
Series 1
Series 2
Series 3
Series 1
Series 2
Series 3
16.26
11.02
13.3
3.232
Data not collected due to Covid-19
Data not collected due to Covid-19
12.03
17.01
8.16
10.54
17.01
16.85
17.85
23.42
27.34
29.67
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Table 4, Sample data collection table for comparison of the submersion and interferometry thickness measuring techniques if the
submersion technique is found to not be repeatable.

Thickness determined by interferometry Thickness determined by submersion
Basis wt. (gsm)
Series 1
Series 2
Series 3
Series 1
16.26
11.02
13.3
3.232
Data not collected due to Covid-19
Data not collected due to Covid-19
12.03
17.01
8.16
10.54
17.01
16.85
17.85
23.42
27.34
29.67

Discussion
Covid-19 prevented this experiment from being run to completion, but there have still been some valuable
observations that have been made.
No measurement technique is without its pitfalls, and both methods for measuring the thickness
of electrospun fiber mats discussed in this report have their fair share of those. For instance, the laser
interferometry gauge places some compression on the sample. The compression is minimized my
distributing it over the area of the mass disc, but that is not to say that there is no effect. Also, the stylus
is subject to inertia, and even after the circuit closes the stylus will continue to move forward slightly.
There is some rebound as the stylus settles, but the overshoot may cause for slightly incorrect
measurements. Another potential source of error is the inability to move the sample around much on the
stage. The user is forced to measure mostly in the center of the sample which will not account for any
distribution along the length of the glass slide.
The submersion method, on the other hand, has the potential to lift the fiber mat sample off the
glass slide if the user is not careful. Also, in the event that the sample becomes wetted there may be some
swelling that will permanently alter the sample. One benefit that the submersion technique has over the
interferometry gauge is its ability to account for the whole distribution of thickness across the entire area
of the sample, but there are even some instances where this phenomenon is not desirable and the
localized reading from the interferometry gauge would be preferred.
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Conclusions and Recommendations
Electrospun polymer fiber mats have a plethora of uses. The performance of fiber mats is often directly
related to its thickness, so it is important to have repeatable and consistent measurement techniques.
However, fiber mats may be very thin, so measuring the thickness becomes difficult1. Therefore, a nondestructive and repeatable method is desired. Two of the methods for measuring thickness were
discussed here. One method uses laser interferometry and a stylus to find the thickness while minimizing
the effect of contact to the sample. The other method exploits the air that remains trapped in the mat
when submerged in water to determine the volume of the sample from displacement, and the volume is
divided by the area to obtain the thickness. The goal of this project was to compare both methods and
determine if there is a statistically significant difference between the data obtained from measuring
samples both ways. The hypothesized results are that there will be no significant difference. If it turns out
that there is no statistically significant difference between the two methods discussed in this report, then
anyone using either method can do so with more certainty in their readings.
Unfortunately, Covid-19 prevented the completion of this project, but everything is set up so that
someone else may pick up where it was left off. It is recommended that SEM images are taken of some of
the sample that were produced to find out what the maximum pore sizes are. These values would add
another layer of confidence along with the plot shown in Figure 3 that the samples do not transition to a
wetted state.
Another recommendation is to improve the capabilities of the interferometry gauge. Currently
there is not much room for varying the orientation of the samples which prevents the user from observing
the thickness across the entire area. This improvement could be made by simply increasing the surface
area of the stage and increasing the throat depth of the gauge.
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